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Improving the figure of merit zT of thermoelectric materials requires simultaneously a high power
factor and low thermal conductivity. An effective approach for increasing the power factor is to align
the band extremum and achieve high band degeneracy (≥ 12) near the Fermi level as realized in PbTe
[Pei et. al. Nature 473, 66 (2010)], which usually relies on band structure engineering, e.g., chemical
doping and strain. However, very few materials could achieve such a high band degeneracy without
heavy doping or suffering impractical strain. By employing state-of-the-art first-principles methods
with direct computation of phonon and carrier lifetime, we demonstrate that two new full-Heusler
compounds Li2TlBi and Li2InBi, possessing a PbTe-like electronic structure, show exceptionally high
power factors (∼ 20 mWm−1K−2 at 300 K) and low lattice thermal conductivities (2.36 and 1.55
Wm−1K−1) at room temperature. The Tl+Bi3− (In+Bi3−) sublattice forms a rock-salt structure,
and the additional two valence electrons from Li atoms essentially make these compounds isovalent
with Pb2+Te2−. The larger rock-salt sublattice of TlBi (InBi) shifts the valence band maximum from
L point to the middle of the Σ line, increasing the band degeneracy from fourfold to twelvefold. On
the other hand, resonance bond in the PbTe-like sublattice and soft Tl-Bi (In-Bi) bonding interaction
is responsible for intrinsic low lattice thermal conductivities. Our results present a novel strategy of
designing high performance thermoelectric materials.
T
hermoelectric (TE) materials have important ap-
plications in energy harvesting, thermoelectric
coolers, and thermal detectors as they can di-
rectly convert heat into electricity and vise versa. High
efficient TE materials are required for practical appli-
cations and are characterized by the figure of merit
zT = (S2σT )/(κL + κe), where S, σ, κe, κL, and T are
the Seebeck coefficient, electrical conductivity, electronic
thermal conductivity, lattice thermal conductivity, and
temperature, respectively. In order to maximize zT , both
electronic transport properties and lattice thermal con-
ductivity have to be optimized carefully. Many strategies
have been successfully used for the suppression of κL [1].
However, there are fewer approaches that can effectively
improve the electronic properties, i.e., the power factor
(PF=S2σ) [2–4]. One effective route is to increase the
band degeneracy (Nv) and decrease the inertial effective
mass (m∗I ) simultaneously since the figure of merit zT of
a material is proportional to Nvm∗I
[2, 5]. Although a high
density of states (DOS) effective mass (m∗d = N
2/3
v m∗b) is
preferred for generating a high S [6, 7], the band effective
mass m∗b is also concomitantly high in a material with low
Nv, leading to a low electrical conductivity as σ ∝ τm∗b (τ
is the carrier lifetime) [5].
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A high value of Nv can be achieved either from a high
valley multiplicity (the number of the carrier pockets of a
band in the Brillouin zone) or a high orbital degeneracy
(the number of bands with the same energy). Take the
well studied TE material PbTe as an example, once the
second maximum of the valence band (the middle of the Σ
line, multiplicity is 12) is converged with the valence band
maximum (at the L point, multiplicity is 4) by alloying an
appropriate amount PbSe, a significant enhancement of
zT from 0.8 to 1.8 can be reached [8]. Unfortunately, most
intrinsic semiconductors have very low valley multiplicity
and heavy doping is required to align band valleys around
the Fermi level. A high valley multiplicity usually only
appears in cubic crystal systems where the valence band
maximum (VBM) or conduction band minimum (CBM)
is located in a low symmetry point of the Brillouin zone,
such as the Σ line of the rock-salt structure. In addition
to alloying, the band convergence could, in principle, be
achieved through strain engineering. The lattice constant
plays an important role on the alignment of Σ and L [8, 9].
Consisting with the previous calculation [9], we found the
expansion of PbTe lattice constant results in a remarkable
decrease of the energy difference between Σ and L, as
depicted in Figure 1. The band maximum in the middle
of Σ aligns with that at L point when the lattice constant
of PbTe (6.462 A˚ [10]) extends to 7.15 A˚. However, PbTe
could not be stabilized for a such large strain (∼ 11%)
in practice. Therefore, a new material design strategy is
demanded.
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Figure 1 | The valence band energy difference between L and Σ of PbTe
as a function of lattice constant. The vertical lines indicates the lattice
constants of experimental PbTe and fully relaxed Li2TlBi and Li2InBi.
Insets are the band structure (blue: valence band; red: conduction band)
of PbTe along K-Γ-L direction and the symmetry pints/line of the first
Brillouin zone of Fm3¯m.
The full Heusler (chemical formula X2Y Z; space group
Fm3¯m) structure is a face centered cubic crystal structure
with the inter-penetration of X2 cubic and Y Z rock-salt
sublattices. The embedded cubic sublattice extends the
bond length between Y and Z atoms of the rock-salt
sublattice. Therefore, full Heusler structure is an idea
candidate of designing extended PbTe.
In this work, two stable full-Heusler (FH) compounds
with PbTe-like electronic structure, Li2TlBi and Li2InBi,
are discovered by employing a high throughput ab initio
thermal dynamic screening [11, 12]. The crystal structure
of FH Li2TlBi (Li2InBi) is the interpenetration of Li2 cu-
bic and TlBi (InBi) rock-salt sublattices. The electronic
structure of [Li+]2[Tl
+Bi3−] ([Li+]2[In+Bi3−]) is isoelec-
tronic with PbTe (Pb2+Te2−) since the electron donated
by Li is delocalized in the whole system. However, the
bond length of Tl-Bi (In-Bi) is considerably extended in
the full Heusler lattice. Consequently, both the VBM and
CBM of these two compounds are located in the middle of
the Σ line, with band degeneracy of Nv=12 in the intrinsic
compounds due to their large lattice constants (∼ 7.15
A˚). Our transport calculations, including phonon-phonon
and phonon-electron interactions, show that these two
compounds have low κL and high PF at room tempera-
ture. Benefited from their low κL and high PF, Li2InBi
and Li2TlBi are therefore identified as promising room
temperature TE materials with zT of 1.5 and 2.0 at 300
K, respectively.
Results
Stability. Our density functional theory (DFT) calcula-
tions show that Li2TlBi is on the T = 0 K convex hull,
which means it is thermodynamically stable, and Li2InBi
Figure 2 | (a) crystal structure of full Heusler Li2TlBi, (b) electron local-
ization function (ELF) of Li2TlBi in (110) plane, (c) crystal structure of
PbTe, and electron localization function (ELF) of PbTe in (001) plane.
is just 2 meV/atom above the convex hull, which indicates
it is thermodynamically weakly metastable, as constructed
by the Open Quantum Material Database (OQMD) [13].
We also performed a ground state crystal structure search
by using 21 distinct X2Y Z prototype structures, and we
find the FH structure is the lowest energy structure for
both Li2InBi and Li2TlBi. Phonon calculations show
that Li2TlBi and Li2InBi are dynamically stable at T
= 0 K. The formation free energy (∆G = ∆H − T∆S)
calculation including vibrational entropy difference (∆S)
between Li2InBi and its competing phases shows that
Li2InBi is thermodynamically stable above room temper-
ature, see supplementary Figure 1.
Electronic structure. The main band structure charac-
ters of Li2Y Bi (Y=In and Tl) FH are determined by
[Y +Bi3−]2−, which are isoelectronic with Pb2+Te2− even
though In/Tl (Bi) is cubic-coordinated with eight Li atoms
as the nearest neighbors and octahedrally-coordinated
with six Bi (In/Tl) as the next nearest neighbor. This is
because Li is the most electropositive element in these
compounds and it provides its 2s electron to the crystal
system. As shown in Figure 3, Li 2s electron is completely
delocalized in these compounds and therefore it has very
limit influence on electronic structures of Li2Y Bi (Y=In
and Tl) except for raising the Fermi level and opening
the band gap, which is similar to the Li stabilized qua-
ternary Heusler semiconductors [14]. We further verified
this conclusion by performing band structure calculations
for [TlBi]2− with the -2 charge balanced by a +2 Jellium
background, see supplementary Figure 2. Since Tl is the
nearest neighbor of Pb and Bi is close to Te in the peri-
odic table, Li2InBi and Li2TlBi have very similar band
structures with PbTe, as shown in Figure 3. Interestingly,
Li2InBi and Li2TlBi have much larger lattice constants
than PbTe because of the inserted Li2 cubic sublattice,
which plays an important role in raising the energy level
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Figure 3 | Fermi surface of hole (a) and electron (b) doped Li2TlBi. (c)
Band structure (left) and density of state (right) of Li2TlBi. (d) Expanded
view of the band structure aground the Fermi level. The size of Fermi
pockets in (b) are re-scaled by factor of two for the purpose of visualization.
of the VBM at the middle of Σ line. As a consequence,
the Nv of Li2Y Bi reaches to 12, as observed in the PbTe
under significant hydrostatic expansion. At the same time,
the large bonding distance (softer bonding interaction)
between Bi and Y (Y=In and Tl) contributes to reducing
κL as we will see later [5].
Since Li2InBi has a very similar electronic structure
to Li2TlBi, we only take Li2TlBi as an example here.
The electronic structure of Li2TlBi is shown in Figure 3
(the band structure of Li2InBi is shown in supplementary
Figure 3). Li2TlBi is a small band gap semiconductor
(PBE: 0.06 eV; HSE06: 0.18 eV, including the spin orbit
coupling (SOC). These calculated gaps are well compara-
ble with many high zT TE materials, such as PbTe: 0.19
eV [15] and CoSb3: 0.05 ∼ 0.22 eV [16, 17]). In Li2TlBi,
the band gap opens between the fully occupied Bi 6p
and fully unoccupied Tl 6p states due to charge transfer
from Tl to Bi. Tl atom loses its one 6p electron to the
more electronegative Bi atom and becomes Tl+, and its
6s2 electrons are deeply (∼ -5 eV below the Fermi level)
buried below the Bi 6p orbitals (valence bands, from -4
to 0 eV), forming stereochemically inactive lone pair elec-
trons. Two electropositive Li atoms lose their 2s electrons
to Bi as well. Therefore, the 6p orbitals of Bi3− (from -4
to 0 eV below the Fermi level) are fully filled with six elec-
trons. The splitting of three occupied Bi 6p orbitals into
two groups, ∼ -2 eV (single degeneracy) and ∼ -0.5 eV
(double degeneracy) at the Γ point is due to SOC. The
conduction bands are mainly from the Tl+ 6p and Bi3−
6p∗ orbitals. The electron localization function (ELF) is
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Figure 4 | A heat map of the imaginary part of the electron-phonon self-
energy (Im(Σ)) of Li2TlBi at 300 K (left) and mode-dependent Im(Σ)
compared with scaled density of states (DOS) (right).
shown in Figure 2. We can clearly see that Bi and Li
atoms have the highest and lowest ELF values, respec-
tively, consistent with our electronic structure analysis
that they are behaving as Bi3− anions and Li+ cations.
Therefore, Li2TlBi is an ionic compound, similar to the
half Heusler LiMgN [18]. The inactive lone-pair electrons
of Tl+ 6s2 are also clearly seen in Figure 2. We also can
clearly see that the ELF of Tl and Bi in Li2TlBi are very
similar to Pb and Te in PbTe.
As expected from the previous analysis, a remarkable
character of Li2TlBi band structure is the VBM is located
in the middle of Σ line of the first Brillouin zone of
the FCC full Heusler structure (Fm3¯m), which leads
to an unexpected high valley degeneracy (Nv =12), see
the Fermi surface in Figure 3. Hence the Nv=12 of the
VBM reaches a record high value, which only has been
previously matched in the heavily doped PbTe and CoSb3
systems [8, 19]. The second VBM, which is ∼ 40 meV
lower than VBM, is located at the middle of the ∆ line
(between Γ and X) and possesses a valley degeneracy of
6. Therefore, an extremely high Nv=18 is reachable in
Li2TlBi by means of hole doping. Although the CBM is
located at L with the valley degeneracy of 4, the energy
difference between CBM and the second CBM (in the
middle of Σ line) is just 7 meV. Therefore the Nv of
the conduction band can potentially reach as high as
16 through light electron doping. The Fermi surface
of valence band and conduction bands are displayed in
Figure 3. As mentioned above, although the band effective
masses (m∗b) for the VBM and CBM are small, which
imply high carrier mobilities as µ ∝ τm∗b , the Seebeck
coefficient S ∝ m∗d still can be very high, provided Nv is
sufficiently high, since m∗d is related to the band effective
mass by m∗d = N
2/3
v m∗b.
Electron transport.To quantitatively characterize the
electron transport of Li2Y Bi (Y=In and Tl), we calculate
the S and σ based on the Boltzmann transport equation
under relaxation time approximation. We assume that
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Figure 5 | The Seebeck coefficient (S), electrical conductivity (σ), elec-
tron thermal conductivity (κe), Power factor (PF, σS
2), and zT of
Li2TlBi and Li2InBi at carrier concentrations that give rise to maximum
zT at 200, 300, 400 and 500 K, comparing with p-type FeNbSb. The
lattice thermal conductivity of FeNbSb used to compute zT is extracted
from Ref. [20].
the predominant carrier scattering mechanisms at 200 K
and above are all based on phonons: (1) deformation po-
tentials of acoustic and optical phonons and (2) Fro¨hlich
coupling due to polar optical phonons [21, 22]. Since the
best thermoelectric efficiency is always achieved in the
heavily doped region where the scattering on polar op-
tical phonons are sufficiently screened and the dielectric
constant is usually large in narrow band gap semicon-
ductors [21–23], we mainly take into account deforma-
tion potential scattering based on first-principles calcu-
lated electron-phonon interaction (EPI) matrix elements.
As shown in Figure 4 for the representative compound
Li2TlBi, the imaginary part of the electron self-energy
Im(Σ) shows a strong energy dependence and is roughly
proportional to the density of electronic states. States
with a long lifetime appear near the VBM and CBM. This
indicates the lifetime is linked to the phase space avail-
ability for electronic transitions, that is, electrons and
holes near band edges are less scattered due to limited
phase space [24].
To validate our calculations, we also computed the
thermoelectric properties for a well studied p-type half-
Heusler (HH) compound FeNbSb, for which a PF as large
as 10.6 mWm−1K−2 was recently measured at room tem-
perature [20]. Figure 5 (c) shows that our calculation
considering electron-phonon coupling predicts a maximum
PF of 11.7 mWm−1K−2 for FeNbSb at 300 K, represent-
ing the upper limit without considering other scattering
sources such as defects and grain boundaries. The good
agreement between our calculation and the experiment
confirms our assumption that electron-phonon coupling
dominates carrier scattering in this system. It is notewor-
thy that the optimal PF of FeNbSb is significantly higher
than that of PbTe at 300 K [8, 25, 26].
Next, we illustrate the ultrahigh PFs of Li2TlBi and
Li2InBi by comparing to FeNbSb. Despite that S is gen-
erally much higher in FeNbSb due to its larger band gap
of 0.54 eV compared to 0.18 eV (Li2TlBi) and 0.15 eV
(Li2InBi), the S of Li2TlBi and Li2InBi is comparable
with FeNbSb at optimal carrier concentration that leads
to maximum zT , particularly at 300 K, as shown in Fig-
ure 5(a). The strong bipolar effect further suppresses S
of Li2TlBi and Li2InBi at higher temperatures. However,
owing to the smaller band effective mass and high valley
degeneracy (Nv), both Li2TlBi and Li2InBi have signif-
icantly higher σ than FeNbSb from 300 to 500 K with
a carrier concentration about one order of magnitudue
lower than FeNbSb (see supplementary Figure 4 and 5).
As a consequence, Li2TlBi (Li2InBi) achieves exceptional
PFs of 30.4/20.1 (26.3/19.0) mWm−1K−2 at 200/300 K,
nearly twice that of FeNbSb at 300 K. The outperfor-
mance of Li2TlBi and Li2InBi over FeNbSb is due to a
comparable S and a higher σ at the optimized carrier
concentrations, supporting our previous discussion.
Lattice thermal conductivity.The Li2TlBi (Li2InBi)
primitive cell contains 4 atoms and therefore 12 phonon
branches. The mode decomposition in the zone center (Γ
point) is 3T1u ⊕ 1T2g. As shown in Figure 6, the low-
frequency phonon modes are mainly from the stereochem-
ically inert lone-pair Tl+ cation instead of the heaviest
atom Bi, which is consistent with the weaker bonding
between Tl atom and its neighbors. As expected, the
light lithium atom has much higher phonon frequencies
200 ∼ 250 cm−1 and its phonon bands are completely
separated from Tl and Bi. These compounds possess two
main differences from the previously reported alkali metal
based rattling (R) Heusler [12]: i) higher acoustic phonon
frequencies, and ii) higher frequency of crossing bands be-
tween acoustic and optical modes, meaning Tl (In) atom
has a slightly stronger interaction with its neighbors than
R Heusler compounds.
The lattice thermal conductivity κL is calculated by
using first-principles compressive sensing lattice dynam-
ics (CSLD) and solving the linear Boltzmann equation
(see Methods for details) and the results are shown in
Figure 7. Owing to the cubic symmetry, κL of Li2TlBi
and Li2InBi are isotropic (κ
xx
L =κ
yy
L =κ
zz
L =κL) and the
calculated κL are 2.36 (1.55) Wm
−1K−1 at 300 K and
0.55 (0.52) Wm−1K−1 at 900 K for Li2TlBi (Li2InBi),
which are much lower than most FH and HH (≥ 7
Wm−1K−1 [27]) compounds without doping or nanos-
tructuring and also lower than PbTe (2.74 at 300 K and
0.91 Wm−1K−1 at 900 K at the same computational
level).
Similar to PbTe, Li2InBi and Li2TlBi have low-lying
transverse optical modes (TO), implying the resonant
bonding [28], as expected from the similarity of electronic
structures. The long-range interaction caused by the
resonant bonding leads to strong anharmonic scattering
and large phase space for three-phonon scattering pro-
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Figure 6 | Phonon dispersion (left) and phonon density of state (right)
of Li2TlBi. The longitudinal optical (LO) and transverse optical (TO)
splitting is included. Inset is the first Brillouin zone of Fm3¯m.
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cesses and, therefore, significantly suppresses thermal
transport [28]. Moreover, the weak Tl-Bi (In-Bi) bonding
resulting from the large bonding distance between Tl and
Bi (In and Bi) gives rise to low group velocities. Finally,
the high-frequency optical modes associated with the
Li atoms provide extra scattering channels for low-lying
acoustic modes.
The mechanism of the strong scattering of heat car-
rying acoustic phonon modes can be directly under-
stood from phonon-phonon interactions. We show the
phonon-phonon scattering rates in the absorption (Γ+:
λ + λ′ → λ′′) and emission (Γ−: λ′′ → λ + λ′) pro-
cesses in Figure 7. The low-frequency acoustic phonons
are mainly scattered by the low-frequency optical modes
in the absorption process, while the optical modes de-
compose largely into low energy acoustic modes in the
emission process. This scattering picture is similar to the
alkali metal based R-Heusler compounds [12].
Discussion
Using our calculated κL, S, σ, and κe within DFT frame-
work by explicitly including phonon-electron and phonon-
phonon interactions, the maximum figure of merit zT
of Li2TlBi and Li2InBi are estimated to be 2.0 and 1.4
at 300 K for hole doping (p-type), respectively, which
implies that Li2TlBi is the TE material with the highest
zT at room temperature. The optimized carrier concen-
trations for the maximum zT at 300 K are 1.3×10−19 and
1.6×10−19 cm−3 for Li2TlBi and Li2InBi, respectively,
which is similar to PbTe [25, 26] but one order of magni-
tude lower than FeNbSb [20] and is much easier to achieve.
Our calculated zT might be underestimated by excluding
the phonon-phonon interaction beyond the third-order
and phonon scattering by defects in our calculations. Fur-
thermore, the zT of these full Heusler materials could
be even further enhanced by suppressing heat transport
through nano-structuring precipitates and grain bound-
aries as achieved in other Heusler compounds. Owing
to the small band gap, however, the maximum zT of
Li2TlBi and Li2InBi are at room temperature, see Fig-
ure 5. The drop down of the zT at higher temperature is
mainly due to the decreased PF by the bipolar effect. We
also note that the electron doped (n-type) Li2TlBi and
Li2InBi have high zT at room temperature as well, due
to the high conduction band degeneracy (at Σ line and L
point) and low lattice therm conductivity. The material
with high zT for both hole and electron doping is very
important for fabricating TE devices. Therefore, Li2TlBi
and Li2InBi are very promising materials of TE device
operating at room temperature.
In summary, we discovery two promising room-
temperature TE materials, Li2TlBi and Li2InBi Heuslers,
by creating the analogs with isovalent electronic structures
to PbTe but much expanded lattices. We demonstrate
Li2TlBi and Li2InBi possess intrinsic high PFs and low
κL by using the electron Boltzmann transport theory with
ab initio carrier relaxation time from electron-phonon cou-
pling and phonon transport theory with phonon lifetime
from first-principles compressive sensing lattice dynamics.
The high zT of the p-type Li2TlBi (∼ 2.0) and Li2InBi
(∼ 1.4) at room temperature are mainly due to the ex-
tremely high Nv and the low κL caused by the resonant
bonding as observed in PbTe and weak bonding interac-
tions, respectively. Our results not only present two high
zT room-temperature TE materials and highlight the im-
portance of band degeneracy in enhancing PF, but also
provide a novel routine for designing high-performance
6TE materials.
Methods
In this study, most DFT calculations are performed using
the Vienna ab initio Simulation Package (VASP) [29, 30].
The projector augmented wave (PAW [31, 32]) pseudo po-
tential, plane wave basis set, and Perdew-Burke-Ernzerhof
(PBE [33]) exchange-correlation functional were used. The
qmpy [13] framework and the Open Quantum Material
Database [13] was used for convex hull construction. The
lowest energy structure of Li2Y Bi were confirmed by
prototype structure screening [12]. The lattice dynamic
stability was investigated by performing frozen phonon
calculation as implemented in phonopy package [34]. The
band gap was computed by means of the screened hy-
brid functional HSE06 [35], including spin orbit coupling
(SOC). The compressive sensing lattice dynamics [36]
technique was employed to obtain the third-order force
constants, which were used to iteratively solve the lin-
earized phonon Boltzmann equation with the ShengBTE
package [37]. The carrier lifetime due to electron phonon
coupling was computed by using Quantum Espresso and
Electron-phonon Wannier (EPW) codes with SOC in-
cluded [38, 39]. Thermoelectric properties were com-
puted using BoltzTrap [40] with adjusted band gap from
HSE06 calculations.
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